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Abstract—In this paper, we report on an analysis of rupture

processes of mining-induced events using the Empirical Green

Function approach. The basic goal of this analysis is to estimate the

dynamic stress drop—the quantity describing frictional forces at a

slipping fault plane during the unstable part of an earthquake. The

presented results cover 40 selected events with magnitude Mw

ranging between 2.1 and 3.6 occurring in the Rudna copper mine

(Poland) between 1996 and 2006. The spatial extent of the seismic

network operated by the mine enabled us to estimate not only the

dynamic stress drop but also the rupture velocities for most of the

events studied. The results are analyzed in terms of correlations of

the ratio of static to dynamic stress drop with other parameters

characterizing the rupture processes. We also pose a question about

the conditions of occurrence of over- and undershooting stress drop

mechanisms. For all but two events, the estimated dynamic stress

drop ranges between 0.1 and 4 MPa and is dominated by lower

values. There are only two exceptions when it reaches the level of

the order of 10 MPa. The reliability of these two exceptional cases

is low, however. The rupture velocity, needed for dynamic stress

drop calculation, was estimated from observed directivity effects.

The obtained values ranged between 0.2 and almost 0.9 shear wave

velocity, with dominating low velocities. The ratio of static to

dynamic stress drop does not clearly correlate with the seismic

scalar moment, source radius estimated according to Madariaga’s

model, or static stress drop. It only positively correlates with the

rupture velocity and ranges from values lower than 1 (under-

shooting mechanisms), mostly for slow events, up to values larger

than 1 (overshooting mechanisms) for the majority of fast events.

For all events with overshooting-type mechanisms, the estimated

rupture velocity Vr was larger than half of the S-wave velocity Vs:

On the other hand, for the undershooting-type events the associated

rupture velocity was in most cases smaller than 0.6 Vs and large

rupture speed was observed only in a few cases for this type of

events.

Key words: Seismic source, induced seismicity, Empirical

Green Function, source time function, dynamic stress drop, rupture

velocity.

1. Introduction

Seismic events, both natural earthquakes and

those induced or triggered by human activity, like

rockbursts in mines, are always related to stress

change in the broadly understood source area. To

describe the stress release effects, seismology uses

three basic physical parameters, namely the static

stress drop, the Coulomb stress transfer and the

dynamic stress drop (Ben-Menahem and Singh 1981;

Gibowicz and Kijko 1994; Udias et al. 2014).

These quantities provide estimates of the shear

elastic stress release over a fault from the pre-event

state to the post-event state (static stress drop), the

spatial stress transfer from the fault to the neighbor-

hood area (Coulomb stress transfer) and frictional

stress during an unstable, sliding stage of the event

(dynamic stress drop) (Kanamori and Rivera 2004;

Gibowicz 2009). Among these three parameters the

dynamic stress drop is the only one which brings

direct information on the dynamics of the rupture

process and together with the static stress drop pro-

vides some insight into the arresting mechanism of an

earthquake. By comparing the dynamic and static

stress drop one can distinguish between different

types of rupture arresting mechanisms (Aki and

Richards 1980; Gibowicz and Kijko 1994), as fol-

lows. During the sliding phase, the rupture can

consume the whole available elastic strain energy and

smoothly stop, which will lead to final stresses equal

to the frictional stress. This situation is often referred

to as an Orowan-type case (Udias et al. 2014). On the

other hand, abrupt arresting of the rupture front, for

example by fault heterogeneities, may lead to a

rebuilding of the final stresses at a level higher than

the frictional stress, leading to the undershooting case

(previously called the partial stress drop). Finally, the

inertia of the moving fault, physical processes like
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micro-branching of the rupture front and partial

melting, to name a few (Kanamori and Brodsky 2004;

Mulargia et al. 2004; Kanamori and Rivera 2006),

can lead to a final stress lower than the frictional one,

resulting in the overshooting mechanism. There are

still many open questions connected with rupture

arresting mechanisms, like whether there is any cor-

relation of the arresting mechanism with other

parameters describing the rupture process, what is a

role of fault heterogeneities in rupture arresting

(Candela et al. 2011; Senatorski 2014), what is the

thermodynamics of the arresting mechanisms, to

name a few. To answer such questions, knowledge of

the dynamic stress drop is necessary.

The study of the dynamic stress drop for large

earthquakes has attracted a lot of attention for years

(see, e.g., Zuniga 1993; Mori et al. 2003; Aber-

crombie and Rice 2005). The situation is more

complex when small earthquakes are concerned

(Mori et al. 2003) because propagation effects con-

tribute more strongly to observed seismograms in a

frequency pass-band important for analysis (Aber-

crombie 2015). Particularly good conditions for

dynamic stress drop analysis are provided by

anthropogenic seismicity, especially seismicity

induced by deep mining (Gibowicz 2009). For this

type of seismicity there exist favorable conditions for

analyzing the dynamics of seismic ruptures because

seismic networks usually operate underground at

extraction levels providing a very high signal-to-

noise ratio even at high frequencies with feeble noise

and extensive spatial azimuth coverage. Moreover,

since deep mines usually operate in shallow sedi-

mentary layers, the geology of the medium is often

relatively simple. This is the case, for example, with

the Rudna copper mine (Lizurek et al. 2015). Sur-

prisingly, in spite of these favorable conditions, an

analysis of the dynamic stress drop for mining-in-

duced events has never been reported yet. Only

recently, Gibowicz (2009) addressed this task and

considered the dynamic stress drop for mining rock-

bursts, but many issues are still waiting for a deeper

analysis, especially an analysis of the reliability of the

solutions obtained. In this paper, we continue the

previous efforts of Domanski et al. (2001, 2002a, b),

Debski and Domanski (2002), Domanski and

Gibowicz (2003, 2008), and Gibowicz (2009), and

report our first results of dynamic stress drop analysis

for selected seismic events from the Rudna copper

mine.

In the analysis presented here, we took advan-

tage of the relatively large seismic activity in the

Rudna mine which allows the Empirical Green

Function approach to be used efficiently (Hartzell

1978; Domanski and Gibowicz 2008). The dense

seismic networks run together by the Rudna and

Polkowice mines consist of 64 seismometers oper-

ating mostly at the extraction level (Domanski and

Gibowicz 2008) with distance to the hypocentre

ranging from tens of meters up to about 10 km. This

enables not only the calculation of standard source

parameters and verification of scaling relations

(Domanski and Gibowicz 2008; Gibowicz 2009) at

the M� 1–3 scale, but also the calculation of

dynamic parameters: the rupture velocity and the

sought dynamic stress drop. Analyzing the spatial

variability of the source time functions we were able

to infer the rupture velocity in a model-independent

way (Ben-Menahem and Singh 1981; Udias et al.

2014), and analyzing the properties of the source

time function we can estimate the dynamic stress

drop (Boatwright 1980).

The approach presented in this paper goes beyond

the classical analysis of microseismic events. How-

ever, many analyses of anthropogenic seismicity have

been discussing similar issues, like for example

scaling relations, overshooting/undershooting condi-

tions, source complexity, etc. (see, e.g., Urbancic and

Trifu 1996; Gibowicz 1997, 1998; Ogasawara et al.

2002; Imanishi and Ellsworth 2006; Kwiatek et al.

2011). The good review of such analysis is a col-

lection of three papers by Gibowicz (1990, 2009) and

Gibowicz and Lasocki (2001).

The paper is structured as follows. To fix the

notation we begin by recalling the notions of partial

stress drop and dynamic stress drop. Then, the

Empirical Green Function technique used for calcu-

lating the source time function is briefly described

and the mining data and the data processing method

are described in detail. The paper ends with a dis-

cussion of the results.
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2. Static and Dynamic Stress Drops

Rock bursts in mines are accompanied by a sud-

den and abrupt fall of the stresses in the rocks

resulting from an unstable slip of rock masses along a

given fault plane. These stress changes are important

for rock mass stability and possible acceleration (or

suppression) of the subsequent seismic activity in the

surrounding area (King and Coco 2000; Orlecka-

Sikora 2010). Two widely used physical parameters

describing the stress changes due to an earthquake

rupture, namely the static stress drop and the dynamic

stress drop, can be obtained from seismic records. Let

us briefly describe them after Gibowicz and Kijko

(1994), Udias et al. (2014) and Mori et al. (2003).

The static stress drop is defined as the difference

of the shear stresses existing prior to a rupture (r0)
and after it (r1)

Drs ¼ r0 � r1 ð1Þ

averaged over the rupture plane. It is connected to the

seismic scalar moment and the source size which for

circular source model (the most often used in mining

data analysis) is given by the well-known relation

(see, e.g., Udias et al. 2014), originally put forward

by Eshelby (1957)

Drs ¼
7

16

Mo

R3
; ð2Þ

where Mo is the seismic scalar moment and R is the

source size. While Mo can be directly estimated from

seismic records, estimating the source radius requires

either using a rupture model (Aki and Richards

1980), analysis of aftershock distribution if available

(Gibowicz and Kijko 1994), inversion of coseismic

displacements (Jiang et al. 2013), or performing

source tomography imaging (see, e.g., Bouchon et al.

2002). In the first case, which is adopted in this paper,

the most often used source models have been pro-

posed by Brune (1970) and Madariaga (1976).

Actually, in mining seismology the model of

Madariaga (1976) is preferable because it provides

smaller, more realistic estimates of the source radius

(Gibowicz and Kijko 1994; Gibowicz 2004).

The second well-known parameter describing the

stress changes during an earthquake rupture is the

dynamic stress drop (Drd). It is defined as the

difference between the initial stresses r0 in the source
area and frictional stresses (rf ) acting on the rupture

plane during the sliding phase of an earthquake

Drd ¼ r0 � rf ð3Þ

averaged over the rupture plane and rupture duration

(Mori et al. 2003). The dynamic stress drop can be

estimated from the source time function (STF) S(t)

retrieved from far-field recordings using the method

developed by Boatwright (1980) and used, for

example, by Mori et al. (2003) and Abercrombie and

Rice (2005) to study small earthquakes. Knowing S(t)

and assuming constant rupture velocity, the dynamic

stress drop can be expressed as (Boatwright 1980;

Mori et al. 2003)

Drd ¼
Mo

4pV3
r

ð1� n2Þ2 dS�S ; ð4Þ

where ð1� n2Þ2 is a geometric factor (assumed to be

equal to 0.75), Vr is the rupture velocity, and dS and �S

are the initial slope and area of STF, respectively.

Applying this relation to each considered recording

station and averaging out the results, one can obtain

the required estimate of the average dynamic stress

drop.

To analyze the relations between Drd and other

source parameters we follow the approach of Zuniga

(1993) and use the � parameter defined as

� ¼ Drs
Drd

: ð5Þ

With this definition, � ¼ 1 corresponds to the Oro-

wan-type models when the final stress equals the

frictional stress, �[ 1 corresponds to the overshoot-

ing mechanism and �\1 describes the undershooting

mechanism.

An advantage of working with the � parameter

rather than directly with Drs and Drd is that this

parameter should in principle be less sensitive to data

processing errors than the static and dynamic stress

drops separately. The point is that estimation of Drs
and Drd requires knowledge of source size (in our

analysis R) and rupture velocity Vr; respectively.

Estimation of these quantities from seismic records is

prone to data processing technical details. Moreover,

they are fundamentally dependent (in a weak sense)

since, under the constant rupture velocity assumption

Vol. 175, (2018) Dynamic Stress Drop for Selected Seismic Events 4167



R is proportional to the product of Vr and rupture

duration (Domanski and Gibowicz 2008). Assuming

constant rupture velocity we thus can get rid of R and

Vr parameters from � since they appear in the same

(cubic) power in Drs and Drd so

� ¼ 7p

4ð1� n2Þ2
1

T3

�S

dS
: ð6Þ

It follows from this formula that � explicitly depends

only on the basic characteristics of STF: its integral

(�S), initial slope-rise time (dS), width (T), and is thus

fully determined by data only.

From the point of view of stress changes in the

source area, the seismic rupture process can be divi-

ded into three intervals (Udias et al. 2014; Mulargia

et al. 2004). The first, initiation period ends with an

abrupt drop of the shearing stress on the rupture plane

from the initial value r0 to the value rf determined by

the frictional properties of the fault. In the second,

sliding stage, the shearing stress on the fault remains

approximately constant. Finally, when the rupture is

arrested we can face three possibilities. The older

hypothesis from Orowan (1960) assumes that during

the arresting phase the elastic energy is smoothly

absorbed and the final stress remains at the frictional

level (r1 ¼ rf ). However, it is well known from

observations (see, e.g., Gibowicz 2001) that an

arresting mechanism can rebuild the stress over the

rupture plane, leading to the undershooting process

(r1 [ rf ). Finally, during the arresting phase, the

shearing stress can fall below the frictional stress

level (r1\rf ), in which case it is referred to as the

overshooting mechanism. These three situations are

schematically depicted in Fig. 1.

3. STF Estimation: Empirical Green Function

Technique

Estimating the dynamic stress drop requires

knowledge of the source time function. One of the

methods of its calculation from seismic records is the

Empirical Green Function (EGF) technique. The

approach has been proposed by Hartzell (1978) and

implemented in practice by Mueller (1985) and by

Domanski and Gibowicz (1999) for mining data. It

relies on replacing an unknown Green’s function with

a part of the waveform uegf of another, much smaller

seismic event (called Green’s event) that occurred in

the closest neighborhood of the main event and had a

similar focal mechanism. Following such substitu-

tion, the seismogram of the analyzed event recorded

at the i-th station can be approximated by the fol-

lowing convolution

uobsi ðtÞ �
Z

T

u
egf
i ðt � t0Þ~Siðt0Þdt0; ð7Þ

where ~SðtÞ is the apparent source time function

(ASTF) of the sought event with respect to the

Green’s one ~SðtÞ ¼ SðtÞ=SegfðtÞ: One can argue

(Hartzell 1978; Mueller 1985; Domanski and

Gibowicz 1999) that the approximation of STF by

ASTF, namely SiðtÞ � ~Siðt0Þ; holds up the corner

frequency of the Green’s event, provided its dis-

placement spectrum is reasonably ‘‘flat’’. We follow

this assumption.

The essential point of the EGF technique is the

careful choice of pairs of events (Abercrombie 2015).

Based on our experience with an application of the

EGF technique for Rudna-mine data we have set up

the following basic empirical criteria which should be

satisfied. The events should be located within a dis-

tance of 100–200 m, the differences between the P

and T axes of the moment tensor solution should not

exceed 20�–30�; and a difference DM ¼ Mmain �
Megf between magnitudes of main and Green’s events
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Figure 1
A simplified sketch of the evolution of shearing stresses on a

rupture plane during the three main phases of a rupture: weakening

phase during which the traction drops to an average kinematic

level, sliding phase represented by an idealized constant kinematic

friction, and an arresting phase
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should be around 1 unit (Domanski and Gibowicz

1999; Domanski et al. 2002b). The last condition is to

ensure a ‘‘flat’’ spectrum of the Green’s event in the

frequency range of the larger event, which, for the

Rudna mine usually occurs just for DM � 1 (Do-

manski et al. 2002b). However, in case of events with

a relatively ‘‘simple’’ STF functions (without a high-

frequency radiation) we have observed that this

condition is sometimes achieved at the DM as low as

0.5 unit.

Having selected uegfðtÞ; the inverse problem of

retrieving the STF function becomes a deconvolution

(inversion) task based on Eq. 7. This can be carried

out either in the time domain or the frequency domain

by appropriate inverse methods (see, e.g., Courboulex

et al. 1996). However, the replacement of the ‘‘true’’

Green function with its EGF approximation can lead

to non-physical solutions, for example, a negative

STF (Domanski and Gibowicz 2001). This technical

obstacle can be conveniently overcome by more

advanced deconvolution methods like the Projected

Landweber method (Bertero et al. 1997; Piana and

Bertero 1997) (PLD) or the pseudo-spectral technique

(Debski and Domanski 2002) which allow to intro-

duce some physical constraints on the STF

deconvolution. This is achieved, however, at the cost

of changing the initial linear deconvolution into a

nonlinear inverse process (Bertero et al. 1997; Debski

and Domanski 2002) and the problem of non-

uniqueness of the solution arises.

Having estimated STF for a number of stations

providing extensive azimuthal coverage, one can try

to estimate the rupture velocity (Domanski and

Gibowicz 2003, 2008). For unilateral-type events the

azimuthal variability of STF widths allows to esti-

mate the rupture duration (To), rupture length L, and

rupture velocity (Vr) using the theoretical relation

(Ben-Menahem and Singh 1981)

Ti ¼ To � dT cosðhiÞ

To ¼
L

Vr

; dT ¼ L

Vp

;
ð8Þ

where Ti is the width of the STF function recorded at

the i-th station, hi is the angle between the direction

to the i-th station and the rupture azimuth, and Vp is

the P-wave velocity.

Evaluating the uncertainties of the obtained

solutions is an important element of STF estimation.

Unfortunately, this is an extremely complex problem.

The main reason for this is that, actually, the EGF-

based deconvolution is an infinite-dimensional

inverse task (Debski 2010). We want to reconstruct

the continuous function on the basis of two time-

limited seismic records. Even if we consider a finite

frequency band of the sought function, the inverse

task still remains highly non-unique (Tarantola

2005). In practice, it means that the EGF technique is

quite unstable and we have to introduce many, very

subjective assumptions to stabilize the solution.

Among other things, this includes the careful choice

of a pair of events matching the location, moment

tensor solution, shape of spectra and data filtering, to

name a few, as closely as possible (Abercrombie

2015; Domanski and Gibowicz 2003). In case of

multi-stations observations, the coherence of the

solution among all stations has to be verified, and

some stations may eventually be disregarded. All

these elements have to be taken into account when

EGF deconvolution results are quantitatively evalu-

ated for inversion uncertainties.

Another important issue determining the quality

of the final inversion is a choice of the length of EGF

function. If taken too short, the obtained STF will be

seriously biased. In consequence, the ‘‘synthetic

seismogram’’ obtained by the convolution of the STF

with the EGF can significantly differ from the seis-

mogram of the main event. This situation is relatively

easy to detect. However, too long EGF can lead to

artificially complex STF.

An important element influencing uncertainties of

the STF evaluation is an accuracy of the used

inversion procedure. This point is well illustrated in

Fig. 2, which shows how different inversion proce-

dures influence inversion results. For these particular

case, to obtain a good fit to the main event seismo-

grams we had to use quite different EGF functions at

different stations. In case of station 18, a simple (even

slightly too short) EGF was sufficient to obtain a

good fit and thus a reliable STF. However, the short

EGF lead often to inversion (deconvolution) insta-

bilities visible here as delta-like spikes in the STF

solution when the Landweber projection method is

used. On the other hand, for the station 4 a good fit to

Vol. 175, (2018) Dynamic Stress Drop for Selected Seismic Events 4169



the main event seismogram was obtained only taking

relatively long and complex EGF. Such a choice lead,

however, to spurious secondary pick in the STF

solutions whose existence and form strongly depen-

ded on the inversion method used. In practice, the

possibility of quantitative uncertainty analysis of the

EGF-based inversion is thus very limited.

In spite of these principal limitations, some ele-

ments of the EGF inversion uncertainties can be

estimated. For example, Domanski et al. (2001) and

Domanski and Gibowicz (2003) have discussed the

uncertainties of estimation of rupture duration and

source size inferred from STF obtained by EGF

deconvolution in the time and frequency domains.

Debski and Domanski (2002) and Kwiatek (2008)

have discussed the influence of particular parame-

terization of STF and the inversion technique on

deconvolution results using Monte Carlo techniques.

An interesting and practical method of estimating

EGF-induced errors has been proposed by Prieto

et al. (2006) if a sequence of aftershocks is available.

The most advanced analysis of the error estimation

task has recently been presented by Abercrombie

(2015). In our analysis, we have not tried to perform a

complete error analysis of the obtained results.

Instead, whenever possible, we have used a simplified

approach relying on a measuring observed discrep-

ancies in solutions between different stations for a

given event. Such estimator provides a lower bound

limit of final errors (Debski 2010).

To summarize, the EGF method is very efficient

for providing realistic source time function solutions

but it does not allow to make a fully realistic error

evaluation—‘‘error bars’’ accompanying the EGF-

based results should always be treated cautiously.

Station - 04

Landweber

Spectral

Stf

Recorded

Landweber

Spectral

Seis

0.0 0.2 0.4 0.6 0.8 1.0
Time [s]

Egf

Station - 18

Landweber

Spectral

Stf

Recorded

Landweber

Spectral

Seis

0.0 0.2 0.4 0.6 0.8 1.0
Time [s]
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Figure 2
An example of uncertainties of retrieving the STF function due to a choice of EGF function and inversion procedures illustrated by two

selected station records of the event of July 3, 1998 (No. 7 in Table 1) after Debski and Domanski (2002). All amplitudes are scaled separately

(dimensionless ratios) for each subplot
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4. Data and Data Analysis Methodology

The dynamic stress drop analysis presented in this

paper is based on seismic data from the Rudna and

Polkowice–Sieroszowice copper mines. These mines,

situated in south-western Poland (see, Fig. 3), run

two digital seismic networks composed of 64 vertical

seismometers, Wilmores MK-II and MK-III, located

underground at depths ranging from 550 to 1150 m.

The frequency band of the recording/transmission

system is from 0.5 to 150 Hz and the sampling fre-

quency is 500 Hz (sampling interval dt ¼ 2 ms).

Seismic signals from all sensors are transmitted in

analogue form to the central unit where they are

digitized with 14-bit resolution. The achieved

dynamics is around 70 dB.

The location of seismometers and epicentres of

the analyzed seismic events is shown in Fig. 4.

Before selection of events for the dynamic stress

drop analysis, the classical spectral analysis and

moment tensor inversion were performed, as descri-

bed in Gibowicz and Kijko (1994). The moment

magnitudes of the events (listed in Table 1) were

estimated during the MT inversion. However, as this

inversion was performed in time domain (Wiejacz

1992), the obtainedMo (and magnitudes) can be quite

uncertain. For this reason in the final analysis we

have used Mo estimated from the spectral low-fre-

quency levels of S waves as a more reliable estimator

of seismic moment (Domanski and Gibowicz

2001, 2008; Gibowicz 2009). The values of param-

eters of the medium in the source area necessary for

this calculation were the following: P- and S-wave

velocity of 5700 and 3300 m/s, respectively, and

average density q ¼ 2750 kg=m3: The analysis took

into account corrections for the pass-band and signal-

to-noise ratio limitation of the recording system (Ide
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Figure 3
Geographic location of the Rudna copper mine (open square)

Table 1

List of events used for the analysis of the dynamic stress drop

Id Date

(year month date)

Time

(h min)

Local coordinates Mw

X (m) Y (m) Z (m)

1 96.06.14 15:58 6013 31,573 - 650 2.3

2 96.09.14 17:10 5978 31,543 - 780 2.1

3 96.10.27 14:06 6031 31,556 - 740 2.7

4 96.10.27 14:15 5969 31,531 - 720 2.1

5 96.11.07 21:48 6128 31,279 - 640 2.9

6 96.12.19 11:02 6023 31,133 - 790 2.3

7 98.07.03 21:14 10,595 31,352 - 900 3.1

8 98.08.31 05:40 9910 31,252 - 900 3.2

9 98.09.14 02:02 6098 31,668 - 770 2.8

10 98.10.06 21:55 5886 31,719 - 700 2.8

11 98.10.20 02:07 8510 27,472 - 750 3.0

12 98.11.06 13:13 6167 30,112 - 770 3.2

13 98.11.22 09:58 6010 34,902 - 860 2.7

14 99.03.10 11:56 6334 30,445 - 750 3.0

15 99.03.18 23:24 6319 30,670 - 750 2.7

16 99.03.27 03:28 6182 30,300 - 750 2.6

17 99.06.24 02:41 6293 30,292 - 750 2.9

18 99.09.26 05:02 5659 31,730 - 750 2.8

19 99.11.23 14:37 6520 28,765 - 760 3.3

20 99.11.23 14:46 6689 28,872 - 760 2.9

21 99.12.31 13:13 6601 28,926 - 760 3.3

22 99.12.31 21:44 6150 30,048 - 550 3.5

23 99.12.31 21:47 5990 30,166 - 800 3.6

24 00.01.09 02:34 5693 31,743 - 780 2.4

25 00.03.03 09:46 6648 28,920 - 747 2.5

26 00.06.20 18:31 5491 31,393 - 733 3.2

27 00.07.20 11:18 6456 28,806 - 730 2.7

28 01.08.17 18:47 5253 31,587 - 769 3.5

29 01.10.18 15:51 8487 32,766 - 770 3.0

30 01.10.24 09:40 6392 30,023 - 766 3.4

31 02.11.25 04:44 6421 30,835 - 783 3.1

32 03.08.04 16:12 7041 28,750 - 753 2.9

33 03.08.09 23:14 6936 36,014 - 950 2.5

34 04.09.09 22:52 7464 29,462 - 778 3.3

35 04.10.26 15:24 6894 30,897 - 796 2.5

36 05.07.02 00:03 8297 32,474 - 729 2.7

37 05.07.15 05:45 7821 27,498 - 665 3.1

38 05.08.05 18:33 6877 31,185 - 812 3.3

39 05.11.30 05:52 7481 36,579 - 973 3.4

40 06.01.14 17:42 6853 34,377 - 824 3.3
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and Beroza 2001). At this stage, Madariaga’s radius,

static stress drop and scalar seismic moment were

calculated, among others.

In the next step, the events were selected and

paired for the STF deconvolution according to basic

criteria described in the previous section. In addition,

we have considered only the events for which non-

DC component in the moment tensor solution was

below 20%. The seismograms used were pre-filtered

using a low pass Butterworth filter with cutting fre-

quency of 30 Hz. At this stage, we ended up with

about 60 pairs of events with magnitude ranging from

M ¼ 2:1 to M ¼ 3:6 (main events) and M ¼ 1:5–2.4

for Green’s events. The pre-selected main-events

were covering almost a full energy spectrum of

events occurring in the Rudna mine (besides the

smallest events). Selection of the Green’s events was

always a trade-off between searching for a larger

event which can provide high signal-to-noise ratio

(SNR) and better azimuth coverage and smaller one

fulfilling the criterion of one magnitude unit differ-

ences. For the smallest events the criterion of large

SNR (availability of data from larger number of

stations) was actually more important than a strict

obeying of the magnitude difference rule. The price

for this was, however, a need for a more careful

selection of the main and corresponding EGF events.

In consequence of such procedure, the Green’s events

for the largest main events were relatively larger than

for the smaller main events. We have accepted such

situation because it gives an additional cross-check of

correctness of the analysis. Concluding the magni-

tude differences between the main and Green’s events

were ranging from 0.6 unit for smaller events up to

almost 1.5 for the largest main events, as shown in

Fig. 5.

The distances between the hypocentres of main

and Green’s events were no larger than 250 m in the

case of the largest events and around 20–50 m for the

smallest ones. The differences between the P and T

axes of the moment tensor solutions were below 30�:

Next, the STF inversion was carried out using the

projected Landweber and (in some cases) Bayesian

Monte Carlo-based pseudo-spectral method. The

details of the STF calculation technique with some

elementary uncertainty analysis can be found in

(Domanski et al. 2002b; Domanski and Gibowicz

2003; Debski and Domanski 2002; Debski 2008). For

each event the STF solutions were verified for their

‘‘regularity’’ and consistency among all available

stations. If the solutions for a few stations (typically

1–3) were significantly different from others, the

‘‘noisy’’ stations were skipped, provided the remain-

ing ones still gave good azimuthal coverage.

Otherwise, an event was dismissed from further

analysis. At this stage, we also verified if the integrals
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Figure 4
Left panel: joint seismic network of the Rudna and Polkowice–Sieroszowice copper mines (triangles) and epicentres (circles) of all analysed

seismic events. Right panel: the epicenter (star) of the event of July 3, 1998 (No. 7 in Table 1) used as illustration of particular event solutions

and stations (triangles) with their ID numbers contributing to the analysis of this event
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of STF calculated for each station were consistent

among themselves.

The solutions which passed the above selection

were next inspected for an azimuthal dependence of

the STF width and classified as circular- or unilateral-

type events as follows. First, we have calculated

Pearson’s correlation coefficient Rc measuring to

what extent the pulse width and cosine of station-

rupture azimuth are linearly correlated. Events for

which jRcj[ 0:6 were classified as unilateral and the

remaining ones as circular. The particular choice of

the above threshold value of Rc is rather arbitrary and

is essentially based on inspection of all considered at

this stage events. The obtained values of Rc for

considered events are listed in Table 2.

For the circular-type events the rupture velocity

was a priori assumed to be Vr ¼ 1=2VS; which is the

average rupture velocity reported in the previous

studies (Domanski et al. 2002b; Domanski and

Gibowicz 2008). This particular value, smaller than

typically reported rupture velocity for natural earth-

quakes (usually in the 0.7–0.9 VS range) follows from

an observation that at the Rudna mine the rupture

velocities are relatively small, usually in the 0.3–0.7

VS range (Domanski and Gibowicz 2008). A similar

range of Vr has been also reported by Imanishi et al.

(2004) for similar in range micro-earthquake in

Japan.

For the unilateral events the rupture duration (To),

rupture velocity, rupture length and azimuth were

estimated by the linear LSQR fit of pulse widths

against azimuth using Eq. 8 and the associated errors

were estimated. For the circular events To was cal-

culated as the average over all available stations and

corresponding root mean square differences were

taken as the error estimators.

Next, for each event the dynamic stress drops

were calculated for each station according to Eq. 4,

inspected to see whether they exhibited ‘‘regular

behaviour’’, averaged out, and are reported as Drd in
Table 2. In principle, Drd should be azimuth-inde-

pendent and have the same value for all stations.

However, due to many simplifications this is not a

case and some variability between individual stations

was observed. This discrepancy is quantified by the

RMS deviation from the average value and is denoted

by dDrd in Table 2. We assume it to be the main

source of errors contributing to Drd uncertainties.

Events for which Drd was different than 2dDrd even

for a single station were rejected.

Finally, 40 events passed the applied selection

criteria and were accepted for further analysis. At this

stage the � parameter was independently calculated

according to Eq. 6. All results are finally listed in

Table 2.

To illustrate the results of the described analysis

chain, few selected ASTF functions obtained for the
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Magnitudes of Green’s eventsMegf (left panel) and the difference DM ¼ Mmain �Megf between magnitudes of main and Green’s events (right

panel) as a function of Mmain: For majority of the considered events DM is larger than 0.8 magnitude unit. Only for the smallest events we

have accepted, (for strictly selected pairs) the differences of 0.6 magnitude unit. Circles denote circular-type events while squares stand for

unilateral ones
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event No. 7. by the advanced Bayesian Monte-Carlo

based approach (Debski 2008) are shown in Fig. 6.

Figure 7 shows the azimuthal distribution of the STF

widths and STF rise times for the same event. In this

figure, we indicated the Id numbers of stations (see

Fig. 4) for which given values were obtained and the

plotted error bars were estimated within the Bayesian

inversion schemata (see Debski 2008, 2010 for

details).

Table 2

Source parameters for the analyzed events

Id Mo (Nm) R (m) To (ms) dTo (ms) Vr=Vs dVr=Vs
(MPa) Rc Drs (MPa) Drd (MPa) dDrd (MPa) �

1 3.2E12 179 75 33 0.28 0.093 - 0.73 0.24 0.83 0.79 0.29

2� 1.7E12 170 65 41 0.50 0.16 0.87 0.33 0.18

3 1.3E13 163 58 37 0.48 0.177 - 0.81 1.30 1.81 0.51 0.72

4 1.4E12 155 78 31 0.25 0.093 - 0.82 0.17 0.66 0.43 0.26

5 2.4E13 257 108 25 0.54 0.268 - 0.87 0.63 0.71 0.41 0.89

6 2.8E12 215 139 38 0.35 0.135 - 0.63 0.12 0.19 0.05 0.63

7 4.9E13 329 185 35 0.88 0.298 - 0.91 0.60 0.12 0.06 5

8 9.1E13 378 160 30 0.85 0.133 - 0.96 0.73 0.24 0.26 3.04

9� 1.5E13 240 89 43 0.50 0.49 1.40 1.10 0.35

10 1.8E13 246 111 33 0.76 0.275 - 0.86 0.53 0.21 0.11 2.52

11� 3.9E13 345 190 36 0.50 0.42 0.65 0.37 0.65

12� 6.9E13 337 126 48 0.50 0.78 2.40 0.58 0.33

13 1.2E13 270 73 55 0.33 0.066 - 0.81 0.28 2.20 0.80 0.13

14 2.1E13 336 130 41 0.30 0.093 - 0.76 0.25 1.90 1.10 0.13

15 1.1E13 207 61 76 0.55 0.268 - 0.85 0.36 0.34 0.27 1.1

16 8.0E12 216 77 56 0.71 0.071 - 0.90 0.25 0.23 0.20 1.1

17 1.3E13 206 90 41 0.39 0.145 - 0.84 0.63 1.40 1.30 0.45

18 2.1E13 233 71 46 0.61 0.145 - 0.72 0.73 0.90 0.69 0.81

19� 1.0E14 428 63 122 0.50 0.58 1.72 1.28 0.34

20� 5.5E13 401 91 64 0.50 0.37 0.55 0.55 0.67

21� 1.0E14 435 229 51 0.50 0.54 0.50 0.22 1.1

22 1.9E14 360 103 56 0.52 0.177 - 0.87 1.02 8.1 5.1 0.13

23 2.7E14 412 125 40 0.83 0.19 - 0.65 0.88 1.81 1.43 0.49

24 5.1E12 150 51 32 0.63 0.108 - 0.76 0.86 0.22 0.10 3.9

25 5.6E12 121 57 70 0.65 0.162 - 0.92 0.70 0.64 0.45 1.1

26 8.0E13 278 92 88 0.46 0.100 - 0.84 1.07 4.13 2.61 0.26

27� 1.2E13 215 78 29 0.50 0.52 0.56 0.41 0.93

28 1.7E14 364 61 41 0.63 0.147 - 0.79 1.5 2.20 4.1 0.68

29 3.6E13 235 58 20 0.57 0.140 - 0.85 1.22 3.2 4.0 0.38

30� 1.2E14 363 184 15 0.50 1.11 1.1 0.64 1.01

31 5.2E13 309 104 39 0.56 0.219 - 0.87 0.77 0.89 0.43 0.87

32 2.0E13 231 55 40 0.59 0.187 - 0.73 0.7 1.0 1.1 0.7

33 5.6E12 273 113 60 0.48 0.066 - 0.69 0.10 0.20 0.13 0.5

34 1.0E14 411 175 29 0.55 0.068 - 0.92 0.63 0.26 0.22 2.4

35 5.2E12 152 77 37 0.40 0.115 - 0.63 0.39 0.56 0.27 0.7

36 1.2E13 306 38 69 0.36 0.135 - 0.86 0.18 3.52 2.70 0.05

37 5.7E13 227 69 59 0.57 0.081 - 0.73 1.1 4.40 4.20 0.25

38 1.1E14 387 94 59 0.39 0.273 - 0.88 0.45 13.0 7.0 0.03

39 1.2E14 376 85 26 0.82 0.206 - 0.80 0.91 0.74 0.34 1.2

40 8.4E13 316 100 40 0.71 0.263 - 0.74 0.25 1.42 0.88 0.18

The parameters Mo; source radius R (Madariaga model), and Drs were obtained with classical spectral analysis. Circular-type events are

marked by stars. The rupture velocity for circular-type events was assumed to be Vr ¼ 0:5Vs (see text for explanation) while for the

remaining, unilateral-type events Vr was obtained from an analysis of the spatial distribution of STF function width. Rc is Pearson’s

correlation coefficient for the pulse width-azimuth data (see Fig. 7), dVr=Vs
; dTo are corresponding least squares error estimators. The dynamic

stress drop errors dDrd are the root mean square differences between the average value and values for particular stations
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Additionally, in Fig. 8 we plot the source radius

estimated according to the Madariaga’s model. For

the purpose of the current analysis we used this

particular estimator of the rupture size to be consis-

tent with a similar analysis of Mori et al. (2003),

Abercrombie and Rice (2005) and our previous

analysis (Domanski and Gibowicz 2008). Moreover,

this model provides more reasonable solution for

mining events, as it has been pointed out by Gibowicz

and Kijko (1994).

Finally, in Fig. 9 the STF ‘‘bar’’ widths (To) are

plotted against Mo for all analyzed events.

5. Results

The main results of our analysis are gathered in

Table 2 where static and dynamic stress drops (av-

eraged over all stations available for a given event),

rupture duration, rupture velocity, and corresponding
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Figure 6
Selected ASTF functions retrieved for a few stations of the event of July 3, 1998 (event No. 7 in Table 1) by the pseudo-spectral method

(Debski 2008)
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The example of ASTF solution parameters for the event of July 3, 1998 (No. 7 in Table 1). Left panel: variation of the source width with the

difference between the station’s azimuth and the rupture propagation direction. The best linear fit according to Eq. 8 is shown. Right panel: the

similar dependence of the pulse rise time (dS). Stations contributing to estimating STF of these event are shown in right panel of Fig. 4. Error

bars were estimated by the Monte Carlo inverse method (see Debski 2008 for details)
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error estimators are listed. The following set of fig-

ures illustrates the basic features and the relations

between these parameters.

The rupture velocity for unilateral-type events is

plotted in Fig. 10 against Mo: Although this fig-

ure suggests a weak positive correlation between Vr

and Mo; the small value of the corresponding Pear-

son’s coefficient Rc ¼ 0:3 suggests that any possible

correlation is statistically unimportant. However, it is

clearly visible that for all overshooting-type events

the rupture velocity is relatively high (Vr [ 0:5Vs).

On the other hand, most undershooting events are

characterized by smaller rupture velocities

Vr\0:6Vs:

In Fig. 11 the calculated dynamic stress drops, as

well as static stress drops are plotted for all events

against scalar seismic moment Mo: As follows from

this figure, the dynamic and static stress drops are

quite similar for lower Mo but for larger Mo; the

dynamic stress drop seems to become systematically

larger than Drs. We also observe a slight increase of

Drd and Drs with increasing Mo; but again it is a

statistically unimportant correlation.

In Fig. 12 the dynamic stress drop is plotted against

the rupture velocity. The plotted errors are variances of

Drd solutions due to differences between stations

contributing to given event. All but two solutions are

consistently lower then approximately 5 MPa. Large

errors (relatively large inconsistency between Drd
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calculated from different stations suggest that obtained

solutions for two outliers are quite uncertain. No cor-

relation between Drd and Vr=Vs is visible.

The dependence of static to dynamic stress drop �

against Mo is shown in Fig. 13. Two important con-

clusions follow from this figure. First, we have

observed both overshooting and undershooting

events. The latter dominate in our dataset but this

could be the effect of the particular event selection

procedure. Second, no significant dependence of � on

Mo is visible, neither for unilateral-type nor for cir-

cular-type events. We have also noticed that in a

statistical sense � is independent of the size (R) of

events (Fig. 14) and of the static stress drop Drs,
(Fig. 15). Pearson’s correlation coefficient for the

logð�Þ and other source parameters reads

RlogðMoÞ;logð�Þ ¼ 0:0

RR;logð�Þ ¼ � 0:1

RDrs;logð�Þ ¼ 0:2

RVr=Vs;logð�Þ ¼ 0:64

ð9Þ

which clearly indicates that � correlates only with the

rupture velocity. For this particular case, shown in

Fig. 16, we have estimated the best fit assuming the

linear relation logð�Þ ¼ aþ b ðVr=VsÞ using the full

Bayesian inversion technique and taking into account

the variation of uncertainties of � due to dDrd errors.

The maximum likelihood solution found is aml ¼
� 2:7� 0:2 and bml ¼ 4:2� 0:4:

Although more advanced uncertainty analysis is

beyond the scope of this paper, a simple evaluation of
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uncertainty of the dynamic stress drop calculations

based on dispersion of Drd among different stations

has been performed and is shown in Fig. 17. It is

interesting to note, that the errors are systematically

smaller for overshooting type events than for under-

shooting ones. Moreover, they are practically

independent of the strength of events and Vr: In other

words, the overshooting type events were visible as

more consistent station-to-station solutions than the

remaining ones. Keeping in mind that overshooting

mechanism is visible mostly for faster rupturing

events (see Fig. 16) it suggest that higher rupturing

speed can mask some ‘‘smaller scale’’ pro-

cesses which are responsible for a larger variability

of STF solutions at different observational angles.

6. Discussion and Conclusions

This and previous (Domanski and Gibowicz 2008)

papers summarize our experience of using the EGF

technique for studying the source parameters of seismic

events induced by mining at the Rudna copper mine.

Undertaking the task of dynamic stress drop calculation

was possible due to the existence of a spatially dense

seismic network at the Rudna and Polkowice–Sieros-

zowice copper mines. We have explored this

opportunity to calculate the dynamic stress drop and the

rupture velocity for 40 selected seismic events.Wehave

found the analyzed dataset to include both overshooting

(11 events) and undershooting mechanisms (29 events).

We do not know if the more frequent occurrence of

undershooting events has a physical background or

results from our selection procedure.

To assure the highest possible reliability of the

analysis, we have very carefully selected available

seismic events. The resulting dataset represents

solutions consistent with previous analysis (Doman-

ski and Gibowicz 2008) with respect to such

parameters like rupture velocity, rupture duration,

source radius, and static stress drop. As far as the

dynamic stress drop is considered, for all but two

cases we obtained consistent values below

Drd\4:5 MPa with an average Drd � 1 MPa. For

two exceptional events (events No. 22 and 38 with

magnitudes M ¼ 3:3 and M ¼ 3:5) calculated Drd
were significantly larger: 13� 7 and 8:1� 5 MPa.

Moreover, the estimated errors—a dispersion of Drd
among different stations—were also the largest in the
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whole data set. We are not sure if the observed large

dynamic stress drops for these two events are really

physical. Large discrepancies between different sta-

tions for these events suggest a low reliability of

these two solutions.

Within the analyzed dataset, we have observed that

for the undershooting events the static and dynamic

stress drops have similar values for small Mo; but for

Mo [ 1013 Nm dynamic stress drops are systemati-

cally larger than static stress drops (see Fig. 11). For

events with overshooting mechanisms, the dynamic

and static stress drops have comparable values with

differences of less than 0.6 MPa independently ofMo:

As far as the rupture velocity is concerned, the cur-

rent results are in good agreement with our previous

analysis (seeDomanski andGibowicz2008, for details),

indicating that for most seismic events at the Rudna

mine the rupture velocities are relatively low. Similar

results has been reported by Imanishi et al. (2004).

While the static-to-dynamic stress drop ratio

seems to be independent of source parameters

describing the size and strength of an event, like the

scalar seismic moment, source radius or static stress

drop, it positively correlates with rupture velocity.

This positive correlation means that the overshooting

mechanism tends to be preferred by ‘‘fast’’ ruptures

while the undershooting one occurs mostly for slower

ones. Moreover, it seems that in the analyzed dataset

there exists a threshold rupture velocity Vrt � 0:5Vs

below which the overshooting does not occur. The

increasing probability of occurrence of the over-

shooting mechanisms with rupture velocity is not

surprising and can be explained by an inertia effect

(Kanamori and Rivera 2006). On the other hand, the

existence of a threshold rupture velocity below which

this type of mechanism is not observed is more

intriguing. Let us discuss this point in more depth.

The observation that the overshooting mechanisms

occur only for fast events (Vr [Vrt) suggests that in

the case of speedy ruptures the elastic strain energy

release rate is large enough to (sometimes) trigger

inertia-type effects or additional energy dissipation

processes. A good candidate for such additional pro-

cess is the multiple micro-fracturing of rocks near a

fault plane (see, e.g., Patinet et al. 2014). Such pro-

cesses can significantly reduce the strength of the fault

and surrounding rocks and lead to a decrease in the

effective frictional coefficient during the arresting

phase. Overshooting can then be expected. However,

for high-speed rupture processes, we have also

observed a number of undershooting mechanisms.

This suggests that physical mechanisms leading to

overshooting are not always activated. Thus, there

have to be additional factors controlling the arresting

mechanisms in the high-speed rupture regime. At this

point, the question arises about the role of thermo-

dynamic processes (diffusive heat transfer, heat

waves, etc.) in the case of the two considered (slow

and fast) classes of events (see, e.g., Kanamori and

Rivera 2006). The fault plane roughness can also be a

factor contributing in a different way to the fast and

slow arresting mode (Candela et al. 2011). The sce-

nario described above is one of a number of possible

explanations of the observed effect.

Actually, it is hard to offer any conclusive state-

ments on the basis of the presented data because of

the insufficient representation of overshooting cases

and the relatively small number of analyzed events.

Also, the limitations of the presented analysis are

quite severe. For technical reasons, we have to deal

with quantities averaged over the whole seismic

source, which efficiently reduces the whole analysis

to a point-like source model. Even taking into

account that in the case of the analyzed events the

linear dimensions of the source area are relatively

small, reducing them to point-like sources introduces

uncertainties that are difficult to estimate. On the

other hand, a more advanced analysis based on

waveform inversion still encounters many difficulties

(Lizurek et al. 2015). Nowadays, one serious obstacle

is the necessity of efficient simulation of waveforms

in a frequency band up to about 20–30 Hz. Inversion

of such high-frequency seismograms is still a chal-

lenging task. However, recent developments in finite

difference simulations on unstructured grids (Wask-

iewicz and Dębski 2014) as well as time reversal

inversion techniques (Larmat et al. 2006; Kawakatsu

and Montagner 2008; Waskiewicz and Dębski 2018)

make such an analysis quite plausible in near future.

Using the waveform inversion will allow to overcome

most limitations of the EGF approach. Nevertheless,

the EGF approach is currently the only technique

practically usable for analyzing the dynamics of

mining-induced seismic events (Gibowicz 2009).
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Achievements, History and Challenges in Geophysics. GeoPla-

net: Earth and planetary sciences. Springer, Cham. https://doi.

org/10.1007/978-3-319-07599-0_22.
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